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HERA - Introduction
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Photoproduction

quasy real photon: Q2 ~ 0
Probe structure of the proton and photon

scattered electron not measured
in main detector

g P
- o %

e* (27.6 GeV)

ZEUS

Deep Inelastic Scattering
e

Y*

high photon virtuality Q?>> 1 GeV?
Probe structure of the proton

scattered electron in main detector

Katharina Muller Photon2009, DESY, Hamburg




Photoproduction at HERA - Introduction

LO: direct typical events with two hard jets
photon interacts directly

forward . - \ | backward
S =
%=1 e 15‘\' |
LO: resolved
partons from the photon interacts

b . —

X <1
Y

Probe structure of the photon with dijet events
X, fraction of photon longitudinal momentum entering hard process

obs__ E!;'etl exp(_njetl)"FE{'etzeXp(_rl
Jets: inclusive kt algorithm 7 2yE,

jet2)
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Q? Dependence of Dijet Cross Section

ZEUS

> ® ZEUS96-97 (38.6 pb) o :

g 10 L xTors v xtars Cross section falls by 5 orders
8 Jet energy scale uncertainty | o : o)

B0 i ] NLO describes shape, 30% low
o ]

g .. | | +x>0.75 well described

O

o

. « X o5 <0.75

« drops faster with Q?

Photoproduction . .
R ¢ Q?>0 underestimated by NLO

10 r— NLO QCD(H2=02+E$)
PR x**50.75 » 25% contribution at high Q2
10 Y
o Vi e NLO uncertainty higher (30%)
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" hep-ex/0404033  ZEUS: 38.6 pb ,0<Q?<2000 GeV? jets: -3<n?<0 , EJ*1>7.5 GeV, E*?>6.5 GeV
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Dijets in Photoproduction: Sensitivity to Photon PDF

ZEUS
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ZEUS: 81.8 pb'l, Q?<1 GeV?, 142<W"<293 GeV, -1<n*<3, EJ*1>20 GeV, EJ*2>15 GeV
Photon2009, DESY, Hamburg

jetl ) jet2)

jetl jet2
obs _ E#e exp(—n +E‘jre eXp(—n
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» Data: energy scale main syst. error

- High x °°
predictions from different PDFs similar

- Low X °°s
Sensitivity to different photon PDFs

differences up to 70%

- X% >0.8 direct dominated
- X% <0.8 resolved dominated




Photon Structure - direct vs. resolved processes

Direct: e <
Y

1/(1-|coso*|)

CMS scattering angle
coso*= tanh((nl-n2)/2)
sensitive to dynamics of
hard interaction
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» Resolved enhanced: cross section rises more rapidly
« Confirms dominating gluon propagator

hep-ex/0603014 H1: 66.6 pb?, Q2<1 GeV? 0.1<y<0.9, -0.5<n*<2.75, EJ*">25 GeV, EJ?>15 GeV
Katharina Muller Photon2009, DESY, Hamburg




-
L=
[

do/d|Ad)| (pbirad)

102

—
=]
T

107¢

Azimuthal Correlation: do/d|AY|

IIII|IIII|IIII|IIII|IIII|IIII|I E‘h IIII|IIII|IIII|IIIIIIIIIIIII
E69 5 0,76 7 @10 aecors E
-« ZEUS 82 pb! 8
- —— NLO (AFGO04) @ HAD 2
e Pythia x 1.44 = ==;102——
[ e Herwig x 1.60 =1 I
Jet ES uncertainty P.. - 2
3 18 10
- =¥
------ : f:
3 E 1 __. 3
3 E 1070 e e E
IIII|IIII|IIII|IIII|IIII|IIII|I 1u—2IIII|IIII|IIII|IIII|IIII|IIII|I
0 05 1 15 2 25 3 0 05 1 15 2 25 3
9| (rad) ]A¢"| (rad)

arXiv:0706.3809 [hep-ex]]
Katharina Muller

ZEUS: 81.8 pb'l, Q<1 GeV?, 142<W»"<293 GeV, -1<n*<3, EJ*">20 GeV, E}*2>15 GeV
Photon2009, DESY, Hamburg

 NLO: back-to-back: well
described
 LO MC: scaled

. xYObS >(0.75: direct enhanced

» X-sec less steep NLO and
PYTHIA

. xy°bs <0.75: resolved enhanced

* NLO much too steep, below
the data
* PYTHIA: poor description

HERWIG: good description
shower treatement better to
account for HO effects




Jet Topologies: Proton Momentum Fraction

EF?exp(n’)+ErXZexp(n’®?)

X,: momentum fraction carried 505 —
by parton of proton g 2E,
Jets backward n, <1 Jets forward n., >1
Ly L B B B e LA I L LRI L L B LN AL B B
8 x,>038 I i. »
S 10% e H1 4 L 10°E
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L ol SENLOX(1+8,.,)]  §
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» Direct enhanced sample, results for resolved enhanced similar

« NLO, PYTHIA: overall good description, except highest X,
- Forward-forward topology: access to high x|

- PDF uncertainty largest for high x_(green)

hep-ex/0603014 H1: 66.6 pb, Q2<1 GeV?, 0.1<y<0.9, -0.5<n<2.75, EJ*!>25 GeV, EJ?>15 GeV
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Prompt Photons in Photoproduction

In addition to direct and resolved contributions: quark-to-photon fragmentation

. Alternative access to X, and X, o> 3
. Different systematics - e<-l3
 Smaller corrections for hadronisation
 New analysis extends to forward region
o 6<ETY < 15 GeV
o 0 +-1.0<n'<2.43
I%MI:IJ — :-“ EGIIIJ B _‘#Ht“_ _._21 HERA Il (prel.) * 0-1 <y<0°7
: o TR -
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o-1.3<npet<2.3

Separation from background: shower shape

H1 preliminary 09-035
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Prompt Photon plus Jet Cross Section

Comparison to

H1 preliminary b} 2 | Hipreliminary ¢ .
=20 P NLO calculation (FGH)
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6<E.Y <15 GeV, -1.0<n'<2.43, 0.1<y<0.7, 4.5< E/}*, -1.3<nj*'<2.3
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Prompt Photon and Jet: Transverse Correlation
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Diffractive Scattering of high ¢ Photons e'p-2e+yY

* Clean process

4 * Photoproduction with large ¢: hard scale

B Dﬂ D = [T « Complements measurements with VM (J/w,p,®)
=3
|

« No VM wave function uncertainty

« Important test of the BFKL dynamics o(W),do/dt
 Extends DVCS to small Q2
« LLLA BFKL calculation included in HERWIG

v

*)
Y
Kinematic recontruction MN@N\/\N

9

t=(q—py)—tI=(pL) S s
t Severed An=log(s/p7)
5 E.. Sere06R
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[arXiv:0706.3809 [hep-ex]] 46.2 pb-l, Q2<0.01 GeV?, 175 < W < 247, 4<|t|<36 GeV?, ¥<0.05,p" > 2 GeV, E" > 8 GeV, An>2
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Diffractive Scattering of High £ Photons e p-2>e*yY
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<t>=6.1 GeV’ « |t| distribution harder than LLA BFKL

- & compatible with J/W data « harder than for vector mesons
0=1.29+0.23+0.16

[arXiv:0706.3809 [hep-ex]] 46.2 pb-l, Q2<0.01 GeV?, 175 < W < 247, 4<|t|<36 GeV?, ¥<0.05,p" > 2 GeV, E" > 8 GeV, An>2
Katharina Muller Photon2009, DESY, Hamburg 13




Comparison with p and J/y at high [t/

H1 Diffractive Scattering of y at large |[t|
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Soft Particle Distribution in Photoproduction

« Study fragmentation of jets
non perturbative region of QCD

» Charged particles in jets: tracks with
pP+>0.15 GeV |n|<1.7

* Prediction MLLA
Modified leading log approximation
includes all terms of «llog®"(EP.)and «llog®" *(EP.)
describes momentum and multiplicity spectra of partons
accounts for colour-coherence (angular ordering scheme)

free parameter
« A effective energy scale, Q,=A . : lowest valid scale

- Scaled momentum variable §(8_ Eiet)

&= In(1/X¢pp)
Xcpp:fraction of jet momentum

ZEUS arXiv:0904.3466v1 [hep-ex]
Katharina Muller Photon2009, DESY, Hamburg




Scaled Momentum Distributions

Charged Particles in Dijet Events

g6, Eiet) &= In(1/xpp)
ZEUS Xcnp:fraction of jet momentum
meom %W 6s0M « similar in shape
3 2-2?!2&1535*' P | Feve T D £ ] i _ '
I ER | : » roughly Gaussian, upper tails
R 70 SIS CTRUUUEE FCAITNIR T PR S0 SRSt  Shape predicted by MLLA
% 25 | P E e F b e § PR gy
o p p s i P 3 i Pl : :
8 g I | IR N * Fit: gaussian and MLLA
TS TE LA TR rA T
3 28 S Y
o * 2005-2007, 359 pb-1
uf «0.2< yij 0.85
3 - two jets with |njeg|< 1
®
v 3 Edetl> 17 GeV, EJet2/Ejet1>0.8
Fijet back-to-back |dietl-diet2| >0.9m
. e X ObS
opening angle 6_ Xy%%*20.75
« Tracks p;>0.15 GeV |n|<1.7

ZEUS arXiv:0904.3466v1 [hep-ex]
Katharina Muller Photon2009, DESY, Hamburg




Scaled Momentum Distributions

Epeak VS M sin(B), p=Elet characteristic energy scale

$.:F.. wsing | " 3 «Eeax ~Aln(usin(,)+B
B¥SF 8 =2 +Ne¥ +c, Y=In A 39 e« MLLA small correction
el C ¢=020,A =246+ 3 MeV =
4E 421 dof = 2.20 4 « ZEUS yp alone below
3.5 = global fit
- ..t _=Aln{usine)+B EP, YP =
JET peak c H e« MLLA fit: A
C A= 0.682+0.007 = eff
2.5E 4 A _.lowest valid scale
— B = 1.002 £ 0.019 %. = eff
- ZEUS vp,6 =0.23 -
C y2/dof=0.77 . c — -
2 o e %' €€, zus ep, 6, = /2 1 - Slight dependence on 0,
1.5 o CDF pp,6_=0.28 — -+ No dependence on energy
: s TASSOee b, =n/2 -
1 & OPAL ee,b_ =n/2 — _ :
= + NOMADN,6 = 2 = Ae'ff =values Iarggly consistent
0.5 | | — with other experiments

10°
u sin({-)c) (GeV)

ZEUS arXiv:0904.3466v1 [hep-ex]
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* Dijets in photoproduction
many QCD tests
Sensitivity to photon and proton PDF
well described by NLO calculation
except azimuthal correlations

* Prompt photons in photoproduction
NLO calculation and calculation based on kt factorisation
description reasonably well
problems in some kinematic regions

« Diffractive scattering of high |t| photons
|t| dependence harder than expected from BFKL or VM production

» Scaled momentum distributions
in agreement with MLLA with a universal scale A _..

Katharina Muller Photon2009, DESY, Hamburg
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Scaled Momentum Distributions

Charged Particles in Dijet Events

&6, EieY) &= Inl/x,
ZEUS x,:fraction of jet momentum
6, =023 6, =0.28 6, =0.34 .. .

3 ap [T L Attt » similar in shape
3 3 S : :ﬁlﬂg 9 "T'" Lmom : Eoere T ' - : . .
T 8 sj « roughly Gaussian, upper tails
= « Shape predicted by MLLA
i - Fit: gaussian and MLLA
uf
o » 2005-2007, 359 pb'!
g . 0.2< y;p= 0.85
8 « two jets with |n|< 1
7 EJetl=> 17 GeV, Ejet2/Ejet1=0.8

' 123 d s
Ejet 5=In(1/x) back-to-back |dietl-diet2| =0.91

>
. e % ObS
opening angle 6, X, 20.75

« Tracks p;>0.15 GeV |n|<1.7

ZEUS preliminary
Katharina Muller Photon2009, DESY, Hamburg 20




Diffractive Scattering of high t Photons
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Scaled Momentum Distributions

Charged Particles in Dijet Events

ZEUS ZEUS
-~ LR B B B L B — ARRERERRS R S R LR LR
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e MLLA fit: A,

A, from § A . lowest valid scale

peak

1 . Slight dependence on 6

==—++cY—c ¢=0.29 e
peak 2 - No dependence on energy
Y=In(Esin(O®_)/A_)

o

N =values largely consistent with
other experiments

ZEUS preliminary
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Prompt Photons in Photoproduction

- Alternative access to x and x_
« Different systematics, smaller corrections for hadronisation

 New analysis extends to forward region
» Large background from neutral mesons

n
= a)
24033 = e
1] C L
3000 | |
» + -
2000 — I 'll \
N ! Ill »
Rt S
1
ok P S
2 4 [

[ | —— L 1
) 0.2
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H1 preliminary 09-035
Katharina Muller
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Resolved component, R=0(x °** <0.75)/0(x °**>0.75)

Ratio R as a function of Q- for different E.?

ZEUS

. //.

® ZEUS 96-97 (38.6 pb ')
Jet energy scale uncertainty

T

(a) 49 < Ezr < 85 GeV?

. (b) 85 < E° 2150 GeV’
. " [ NLO QCD (DIS, u* = G*+E?)
ZZ3 NLO QCD (DIS, 12 = Q%)

o(x°?%<0.75) / (x°?°>0.75)
Y

1 E !E5-555555555::::::::.,,,,_ ""“’

[ (c) 150 < E® < 700 GeV®
[ T E= NLO QCD (Photoproduction, GRV)

—— NLO QCD (Photoproduction, AFG)

" hep-ex/0404033

» Several experimental and theoretical
uncertainties cancel

» Supression of resolved component
with Q% and E?

 NLO calculations for Q2=0
AFG underestimates resolved cont.
GRV reasonable description

| « NLO calculation for Q2>0

scale Q? preferred
some suppression visible

ZEUS: 38.6 pb?,0<Q2<2000 GeV? jets: -3<n®<0 , E*'>7.5 GeV, E?>6.5 GeV
Katharina Muller Photon2009, DESY, Hamburg




